Orthogonal frequency division multiplexing (OFDM) combined with time division multiplexing (TDM), called OFDM/TDM, can bridge the conventional OFDM and single-carrier (SC) transmission by using the frequency-domain equalization (FDE). Accurate channel estimation is required for FDE. A well-known channel estimation scheme is pilot-based channel estimation that uses periodically transmitted pilot signals. If channel estimation error is present, the inter-symbol interference (ISI) is produced in OFDM/TDM. In this paper, we apply a Gaussian approximation to the channel estimation error and theoretically investigate the impact of the imperfect channel estimation on the average bit error rate (BER) performance of OFDM/TDM. It is shown by the numerical evaluation that the channel estimation error degrades more the BER performance when OFDM/TDM approaches SC.
Introduction
Mobile radio channel is composed of many paths with different time delays due to the reflection, refraction or diffraction of the transmitted signal by obstacles placed between a transmitter and a receiver. In such multipath channel, the received signal is a superposition of several delayed and scaled copies of the transmitted signal, giving rise to frequency-selective fading. Frequency-selective fading produces inter-symbol interference (ISI) and hence significantly degrades the transmission performance of the single carrier (SC) transmission systems [1] . Recently, orthogonal frequency division multiplexing (OFDM) has been attracting much attention because of its robustness against frequency-selective fading and simple one-tap frequency domain equalization (FDE) and has already been adopted in some wireless communications systems [2] - [4] . However, OFDM signal has high peak-to-average-power ratio (PAPR) [5] - [7] and the bit error rate (BER) performance severely degrades when multipaths with time delays longer than the guard interval (GI) are present [8] .
Recently, we have shown [9] , [10] that OFDM combined with TDM (OFDM/TDM) can overcome the PAPR problem or improve the delay robustness by changing the design parameters, without sacrificing the transmission data rate and the bandwidth at all. The same OFDM/TDM was presented in [11] , but the objective of [11] is to increase the transmission data rate for the given bandwidth, but we keep the data rate the same as the conventional OFDM. OFDM/TDM can bridge the conventional OFDM and SC transmission with the FDE. It was shown by computer simulation [9] , [10] that OFDM/TDM can improve the BER performance in comparison to the conventional OFDM by applying the FDE based on minimum mean square error (MMSE) criterion; however, the perfect channel estimation was considered. In this paper, we apply a Gaussian approximation to the channel estimation error and theoretically evaluate how the channel estimation error affects the BER performance of OFDM/TDM.
Remainder of this paper is organized as follows. In Sect. 2, the overall system model of OFDM/TDM is described. Sects. 3 and 4 present the channel estimation error model and the principle of the zero forcing (ZF)-FDE and MMSE-FDE, respectively. In Sect. 5, the instantaneous signal-to-interference plus noise power ratio (SINR) and the conditional BER are derived. Sect. 6 evaluates, by the Monte-Carlo numerical method, the BER performance of OFDM/TDM in a frequency-selective Rayleigh fading channel and then, compares it with those of the conventional OFDM and SC transmissions. Sect. 7 provides some conclusions and future work. 
OFDM/TDM System Model
where k is the slot index. There are K OFDM signals in the transmission frame of OFDM/TDM. The transmitted data symbol sequence vector (N m K×1)=(N c ×1) in a frame is represented as
where T denotes the transpose. The transmitted OFDM/TDM signal vector (N c ×1) per transmission frame in the time-domain can be expressed as with
where E s and T c denote the data symbol energy and the fast Fourier transform (FFT) sampling interval, respectively. ⊗ is the Kronecker product. F and I are the combined block Fourier transform matrix (N m K×N m K=N c ×N c ) and the identity matrix (K×K), respectively. f is the Fourier transform matrix (N m ×N m ). Before transmission, the OFDM/TDM frame is cyclically extended, that is, the last N g samples in the OFDM/TDM frame are inserted as the guard interval (GI) placed at the beginning of the frame.
The cyclic-extended OFDM/TDM signal is transmitted over a frequency-selective fading channel. The fading channel is assumed to be composed of sample-spaced L discrete propagation paths and the maximum time delay is less than the GI length of N g . We assume a block fading, where the paths gains remain constant during one OFDM/TDM frame. The channel impulse response vector
The received OFDM/TDM signal after removal of GI can be expressed using N c ×1 vector represented as n d HF n Hs r
where n is the N c ×1 noise vector due to the additive white Gaussian noise (AWGN 
where h q is the q-cyclic time shifted channel impulse response vector (N c ×1):
Consider the Fourier transform of h q :
where 
and diag{a 0 ,a 1 ,···,a Nc-1 } is the diagonal matrix whose diagonal elements are a 0 ,a 1 ,···,a Nc-1 . Therefore, the following equation is obtained from Eqs. (5), (9) and (10) as
Therefore, we have
Channel Estimation Error Model
We adopt the following error model in channel estimation: 
represents the N c ×1 error vector. It is assumed that e is independent of h and that {e l ; l=0~L-1} are modeled as independent zero-mean complex-valued Gaussian variables with the variance of 
FDE
The transmitted OFDM/TDM signal is distorted by the frequency-selective fading channel and thus, the equalizer is required to compensate for the frequency-selectivity. We consider ZF-FDE and MMSE-FDE. 
ZF-FDE
. In Eq. (18), the first, second and third terms denote the desired signal, noise and interference due to channel estimation error, respectively.
MMSE-FDE
The decision variable after MMSE-FDE can be given by In Eq. (20), the first, second and third terms represent the desired signal, the interpath interference (IPI) and the noise components, respectively. The forth and fifth terms represent the interference components due to channel estimation error.
BER Analysis
The interference due to channel estimation error can be approximated as a zero-mean complex-valued Gaussian process. First, we obtain the SINR of decision variable for the given Z and then, the conditional BER for the given Z. The data symbols are assumed to be uncorrelated and have a variance of unity (|d| 2 =1). In this section, we use the following notation.
• [x] i denotes the i-th element in the column vector x.
• [A] ij denotes the element in the i-th row and the j-th column of the matrix A. 
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Conditional BER
The conditional BER of i-th data symbol for the given Z can be given by
for QPSK, where
is the complementary error function. The theoretical average BER of the i-th data symbol can be numerically evaluated by averaging Eq. (25) over Z:
where ) (Ζ p is the joint probability density function (pdf) of Z. Then, the average BER over one frame is obtained by
Numerical Results
The numerical evaluation of the theoretical average BER is done by Monte-Carlo numerical computation method as follows. The set of Z is generated and then the conditional BER of the i-th data symbol for the given symbol energy E s /N 0 and Z is computed using Eq. (25). This is repeated sufficient number of times to obtain the theoretical average BER of Eq. (26). The numerical conditions are summarized in Table 1 . We assume N m =N c /K subcarriers (K=1~256), frame length of N c =256 samples. QPSK data-modulation is assumed. The propagation channel is an L=16-path frequency-selective block Rayleigh fading channel having uniform power delay profile. , which corresponds to the ideal channel estimation, is also plotted. OFDM/TDM represents OFDM and SC system when K=1 and K=256, respectively. It is found from Fig. 3 that with increase in K (as OFDM/TDM approaches the SC transmission), the impact of channel estimation error becomes severer. A possible reason for this is discussed below. When K=256 (SC), the N c -point IFFT followed by N m (=1)-point FFT is carried out after FDE and thus this is equivalent to N c -point IFFT. On the other hand, when K=1 (OFDM), the above operation is equivalent to no IFFT/FFT processing due to N m =N c . Therefore, in the case of SC transmission, the channel estimation error at each frequency component } { e F diag is accumulated (or averaged) by N c -point IFFT. This suggests that the SC transmission with FDE is very sensitive to the channel estimation error. On the other hand, the conventional OFDM dose not require the IFFT and FFT after FDE and thus, the BER degradation due to the channel estimation error is minimal. 
Conclusion
This paper investigated the impact of channel estimation error on the OFDM/TDM performance. The channel estimation error was modeled as the Gaussian approximation. It was found that the channel estimation error significantly affects the BER performance as OFDM/TDM approaches the SC transmission. In this paper, only the numerical results are shown and thus, the comparison to the simulation results is left for the future work.
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